The two-dimensional fractal dimension (Df) of large aggregates of kaolin (> 540 μm) 23 during the shear flocculation process for kaolin solution was investigated using non-intrusive 24 in situ image-based acquisition system. Separate experiments were also carried out for three 25 different sized sub-ranges of large aggregates (0.540 -1.125 mm; 1.125 -1.750 mm; 1.750 -26 2.375 mm). Digital images were taken at a frequency of 10 Hz for 10 s for each different pairs 27 of gradients of velocity (Gf) of 20 and 60 s -1 and flocculation times of 2; 3; 4; 5; 10; 20; 30; 28 60; 120 and 180 min. For the same conditions, particle size distribution (PSD) was also 29 determined. Under the investigated conditions, the lowest Gf produced the greatest Df (1.69) 30 at a flocculation time of 30 min for the whole range of aggregates. Also, the evolution of the 31 longest length of aggregate (l) and Df with time, showed that the dynamic steady-state was 32 reached at different times for each shear rate and l ranges. However, Df varied for each size 33 sub-range (ca. 1.1 to 1.8). Finally, the behavior of the aggregate structure may be understood 34 by the predominance of different aggregation mechanisms such as cluster-cluster for Gf of 60 35 s -1 and particle-cluster for Gf of 20 s -1 . 36 37 38 39 40 41 42 43 44 45 48
INTRODUCTION
primarily depends on particle characteristics of water. These particles exist in all size 2.2. Jar-Tests and Image Capture the same jar (Ethik technology Model 218/6 LDB) and at room temperature at 20 ± 2 ºC. Optimum conditions for coagulation-flocculation were taken from Oliveira et al. 153 (2015) for image acquisition tests. Therefore, coagulant dosage and solution pH after 154 coagulation were kept constant at 2 mg Al 3+ /L and 7.5, respectively, and coagulation velocity 155 gradient (Grm) and mixing time were 800 s -1 and 10 s, respectively. Velocity gradients (Gf) for 156 flocculation were varied from 20 to 60 s -1 with time (Tf) of 1, 2, 3, 4, 5, 10, 20, 30, 60, 120 157 and 180 min. However, the 100 samples collected at 1 min were not used once image 158 resolutions were out of the range recommended by Chackraborti et al. (2003) . For this reason, 159 only samples collected from 2 min onwards were used. Velocity gradients were previously 160 calibrated by a torque gauge, thus permitting quoting of velocity gradients by means of the 161 equipment's rotation (rpm). Alum was used because it is the most widely used coagulant chosen based on usual range used in treatment process (Chackraborti et al., 2003) .
164
Images were taken at a frequency of 10 Hz for 10 s using the camera coupled to a set 165 of lenses that allowed for an 840 pixel x 640 pixel resolution with a 30 μm pixel size. The
166
Image-Pro Plus® software was used to develop the images, i.e. conversion from 2 8 to 2 1 bits, 167 enhancement and measurement. A laser light sheet of 2000 mW with a 532 nm wavelength 168 and 2 mm thickness was used as an illumination source, in order to obtain good contrast and 169 to define a spatial position for image acquisition. The laser light was accurately adjusted by 170 the focus of the image capture system to allow acquisition control at the middle height of the 171 jar. The main advantage of this non-intrusive method is that the samples can be analyzed The same image acquisition system was used to determine the two-dimensional fractal et al., 1996) . However, Df was calculated using aggregates larger than 0.540 mm for the entire range (0.540 to 2.375 mm) and for three size sub-ranges (sub-range 1: 0.540 187 to 1.125 mm; sub-range 2: 1.125 to 1.750 mm; sub-range 3: 1.750 to 2.375 mm). For these 188 size sub-ranges, image resolution (l/pixel ratio) was between 5.2 and 7.5 thus resulting in an 189 average area ratio around 1.3-1.1 (Chackraborti et al., 2003) . More information on image 190 acquisition and processing procedures can be found in Moruzzi and Reali (2007 and 2010) .
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( 2 ) Where:
192 A = aggregate area (mm 2 ); 193 l = characteristic length of the aggregate, here the longest length was used (mm);
194 Df = two-dimensional fractal dimension (dimensionless).
195
At this point, it is important to make clear the difference between the characteristic 196 dimensions dp and l. Here, dp of Equation 1 is the geometric mean of the classification range, floc, and its variant lm is the average of the longest length. So, dp comes from the discrete 201 classification of data while l comes from the longest length and lm is the average of all the raw 202 data.
203
For each shear rate, the Kolmogorov microscale was calculated using Equation 3 204 (Spicer and Pratsinis, 1996) . During coagulation-flocculation tests 2,000 images were taken capturing ca. 465,000 229 aggregates and resulting in a sample error of less than 1% for 99% reliability. In Figure 3 is 230 shown an example of one raw image, i.e. as taken by the image system. In total, 16 particle 231 size classes were obtained from the limit of 0.540 to 2.375 mm. Within each size class the 232 diameter of the geometric mean was used to classify aggregate size. Gf of 20 s -1 (Figure 4a ), the transition of small particles from low to high sub-ranges took It is still possible to see in Figure 6 that for the sub-range 1 (0.540 to 1.125 mm), A possible explanation is that a mechanism similar to particle-cluster aggregation 397 (PCA) may occur for low Gf, once there are still significant amounts of primary particles 398 remaining (or even relatively small clusters, that may behave as single particles when
